The need to optimize the thrombogenic performance of blood recirculating cardiovascular devices, e.g., prosthetic heart valves (PHV) and ventricular assist devices (VAD), is accentuated by the fact that most of them require lifelong anticoagulation therapy that does not eliminate the risk of thromboembolic complications. The formation of thromboemboli in the flow field of these devices is potentiated by contact with foreign surfaces and regional flow phenomena that stimulate blood clotting, especially platelets. With the lack of appropriate methodology, device manufacturers do not specifically optimize for thrombogenic performance. Such optimization can be facilitated by formulating a robust numerical methodology with predictive capabilities of flow-induced platelet activation. In this study, a phenomenological model for platelet cumulative damage, identified by means of genetic algorithms (GAs), was correlated with in vitro experiments conducted in a Hemodynamic Shearing Device (HSD). Platelets were uniformly exposed to flow shear representing the lower end of the stress levels encountered in devices, and platelet activity state (PAS) was measured in response to six dynamic shear stress waveforms representing repeated passages through a device, and correlated to the predictions of the damage accumulation model. Experimental results demonstrated an increase in PAS with a decrease in "relaxation" time between pulses. The model predictions were in very good agreement with the experimental results. ASAIO Journal 2008; 54:64 -72.
A recognized feature of the complex interplay regulating the pathogenesis of thrombosis is the effect of blood flow-induced mechanical forces on platelets. Physical agonists, such as these flow-induced forces, and chemical agonists, such as adenosine diphosphate and serotonin, trigger platelet activation. This process commences with the secretion of procoagulant and self-stimulating substances from granules, 1 which catalyze thrombin production. 2 As a direct consequence of activation, the platelets undergo a change in shape, marked by pseudopod extension. This increases the strength of adhesion to exogenous surfaces and decreases the resistance to aggregation.
One of the major culprits in blood recirculating devices is the emergence of nonphysiologic (pathologic) flow patterns that enhance the hemostatic response. Elevated flow stresses that are present in the nonphysiologic geometries of blood recirculating devices enhance their propensity to initiate thromboembolism. In recent years, it has been demonstrated that flow induced thrombogenicity, caused by chronic platelet activation and the initiation of thrombus formation, is the salient aspect of mechanically induced blood trauma in devices. 3 This lends itself to the hypothesis that thromboembolism in prosthetic blood recirculating devices is initiated and maintained primarily by the nonphysiological flow patterns and stresses that activate and enhance the aggregation of blood platelets, increasing the risk of thromboembolism and cardioembolic stroke. 4 Within the inherent design constraints of blood recirculating devices and their functionality, minimizing the thrombogenicity of the device is probably the most important design goal. Presently there appears to be no suitable animal model for the monitoring of shear-induced events to reliably predict the onset of physiopathological events in flowing blood or blood vessels. 5 Therefore, progress can be achieved by improving existing in vitro and numerical capabilities. Clearly, a modeling approach represents an efficient way to economically test design modifications in devices to realize whether they indeed achieve this design goal. Such an approach should incorporate a model accounting for cellular trauma by means of an activation/damage accumulation hypothesis. 6 Recently, our group has published a comparison of the hemodynamic and thrombogenic performance of two bileaflet mechanical heart valve (MHV) using fluid structure interaction (FSI) modeling that involved the computation of damage accumulation along the trajectories of 15,000 platelets. 7 Correctly implemented, a physically consistent mathematical model for predicting the effects of fluid shear stress on platelets may lead to a better understanding of the phenomenology of thrombosis. However, because of the complexity and the variety of phenomena involved in blood damage, a universal approach to the problem is incongruous. 8 A successful approach in which an analytic formulation was based on empirically calibrated parameters has been previously demonstrated to predict hemolysis in prosthetic heart valves. 9 There are many established methods for the in vitro investigation of platelet activation. 10, 11 Most evaluate the thrombogenic potential in the presence of a mechanical load by measuring the platelet activation state (PAS), but in many cases, those techniques are not sensitive enough to measure minute flowinduced effects, or are limited to very specific aspects of platelet activation. Moreover, because of the inherent variability in blood sources, performance of in vitro studies and subsequent analysis and comparison of results can be problematic. For example, different species blood (human vs. animals) used for testing thrombogenicity show differences in mechanical fragility and rheological behavior. 12 In vivo mechanical forces generated by blood flow on platelets during their transit through vessels or devices are quite different from most of the well-defined, controlled-stress conditions applied in vitro. Consequently, it is difficult to appropriately assess the activation state of moving platelets under well defined unsteady blood flow conditions predominating vascular pathologies and flow through devices. Such experimental conditions should account for the time-varying loading history and incorporate cumulative effects of the periodic loading.
In this study, we use a computer-controlled hemodynamic shearing device (HSD) that is capable of emulating device and cardiovascular pathologies hemodynamics while uniformly exposing platelets to dynamic shear stress waveforms. The measured platelet activity results are compared to the predictions of a mathematical model proposed by Grigioni et al., 5 which fulfils the requirements for physical consistence 8 and accounts for the cumulative load history effect under time-varying shear conditions. This model employs a Genetic Algorithm-based parameter estimation strategy to identify an optimal model of shear-induced platelet response.
Materials and Methods

In Vitro Studies
Informed consent was obtained from healthy adult volunteers who had not taken aspirin or ibuprofen for 2 weeks. Whole blood, 30 ml, was drawn by venipuncture and collected in 0.3 ml 40% trisodium citrate and centrifuged at 450g for 4.5 minutes to prepare platelet-rich plasma (PRP). PRP, 12 ml, was filtered through a 220 ml column of Sepharose 2B beads (2% agarose; Amersham-Pharmacia, Sigma Chemical, St. Louis, MO) to obtain gel-filtered platelets (GFP), as described previously. 13, 14 The platelets were diluted to 50,000/l final concentration in platelet buffer, a Hepes-modified Ca 2ϩ -free Tyrodes buffer with 0.1% bovine serum albumin, and 3 mM CaCl 2 added 10 minutes prior to experimentation.
Platelets were exposed to shear stress in the HSD, a modified and improved design of the system by Blackman et al., 15 which is capable of reproducing the dynamic aspects of a specified loading waveform with great accuracy. The HSD combines cone-and-plate and Couette viscometer features, as shown in Figure 1 . The system was designed such that the shear stresses in both the cone-and-plate and Couette regions are equal, according to
where is the viscosity, 1 cP; is the angular velocity of the cone; ␣ is the cone angle; and Ro and Ri are the inner radius of the outer ring and outer radius of the cone, respectively. The design resulted in a 2°cone that is lowered to 10 m above the stationary plate using a micrometer and a narrow Couette annulus (720 m gap width). Previous studies in cone-andplate viscometers under periodical acceleration/deceleration indicate that while oscillation does to some extent destroy the uniformity of shear stress, this may be kept to a minimum by keeping the modified Reynolds number (Re ϭ (r 2 ␣ 2 )/(12)-combining the Reynolds and Womersley numbers, (which account for the influences of the local acceleration and centripetal force, respectively) below the limit of secondary flow effects. 16 -18 Additional potential effects of higher shear stresses formed at the blood-air interface of the concentric Couette part of the HSD are negligible, as those become apparent only at shear stress levels of several thousands 19 We have tested our HSD system under more extreme conditions than those presented in the current work, and compared it to steady shear stress experiments in the same system. Our unique design enables generating shear stresses of up to 75 dynes/cm 2 before any noticeable secondary flow effects (Re Ͻ0.5; where these effects become apparent). We have further demonstrated in this system that triangular loading waveforms (peaking at 100 dynes/cm 2 ) with root mean square (RMS) values representing a corresponding constant shear stress value produced the same platelet activation level as the constant shear stress (both measured with PAS-no statistically significant differences). 20 The blood-contacting surfaces were manufactured from blood compatible ultra-high molecular weight polyethylene (UHMWPE) and treated with silicone 10 minutes prior to experiments. Dynamic shear stress waveforms were simulated by the means of a computerized stepper motor (VS23B, Compumotor Division, Parker Hannifin Corporation, Rohnert Park, CA), programmed with the supplied Motion Architect software, and transferred via the ZETA6104 microstepping drive.
Triangular and square waveforms ( Figure 2 ) were applied to simulate repeated passages through a generic device. Each waveform had a baseline shear of 1.5 dynes/cm 2 , imposed for a time period of T2, and peak shear of 20 dynes/cm 2 , for a period of T1. The total acceleration and deceleration time T ad was 1 second. For the triangular waveform, T1 was 0 seconds, while for the square waveform, T1 was 2.5 seconds. For each type of waveform, three T2 periods (10, 30, and 60 seconds) were applied. Each experiment was conducted for 60 minutes, with platelet samples taken every 5 minutes for 30 minutes, and then every 15 minutes thereafter. For each of the six waveforms, five runs were conducted.
Platelet activation state (PAS) was quantified using the chemically modified prothrombinase-based assay developed by Jesty and Bluestein, 21 which uses acetylated prothrombin, and the thrombogenic potential quantified by measuring thrombin generation rates. 13, 22 Unlike cytometry markers that quantify very specific aspects of platelets activation, PAS quantifies the more global thrombogenic aspect of platelet prothrombinase activity, i.e., its contribution to thrombin generationan actual clotting inducing product. The PAS assay was successfully applied for measuring the procoagulant activity of devices, both in vitro and in an animal model, [23] [24] [25] and under various shear stress-exposure time combinations in flow loops and stenosis models. 22, 26 PAS values were normalized against the average activity of fully activated platelets measured for each experiment, obtained by sonication (10 W for 10 seconds, Branson Sonifier 150 with microprobe, Branson, MO). PAS values are expressed as a fraction of maximal prothrombinase activity. Statistics were conducted using the Student's t test for each set of T1 values, where T2 ϭ 60 seconds was considered the control for each set. Time courses of PAS vs. time were fitted to a quadratic equation, PAS ie ϭ ␣t 2 ϩ ␤t ϩ ␥, and the square coefficient, ␣, was used as an index of curvature. This is the rate of increase in platelet activation rate. To determine whether activation was significantly nonlinear the means (ϮSD) of ␣ were tested against the null hypothesis of linear activation, i.e., ␣ ϭ 0, using a modified form of Student's t test, t ϭ (x Ϫ )/(s͌n), where x is the mean observed ␣, s its standard deviation, n the degrees of freedom, and is the null-hypothesis value against which we test.
Damage Accumulation Model
A model describing damage of formed elements in blood requires establishment of a correlation between the mechanical loading history (t), the exposure time (t) and the phenomenological response of the formed elements. This general relationship can be expressed as:
where dBD is the generic blood damage rate, and t 0 is the time at the beginning of the observation. In this study, the novel Lagrangian-based mathematical model proposed by Grigioni et al. 5 was adopted. It is based on the damage theory articulated by Equation 2 and reflects the cumulative damage sustained by formed elements exposed to time-dependent stress levels.
Originally developed for the evaluation of RBC hemolysis, this model was adapted for the assessment of PAS, since platelet activation under dynamic loading exhibits similar characteristics. 1 Specifically, it is expressed as
where dPAS is the infinitesimal contribution to the platelet activation state, PAS(t 0 ) is the value of platelet activation at the starting time of observation t 0 (i.e., senescence, or previous damage history during previous passages through a prosthetic valve, for example) and (a,b,C) are model constants.
The platelet activation state index can be expressed as the integral sum of the infinitesimal contributions represented by Equation 3:
The integral sum inside the square brackets in Equation 4 is representative of the mechanical load sustained by the platelets moving along a generic fluid path, made up of the summation of the subsequent elementary contributions to damage acting in each infinitesimal time interval. With this formulation, it is possible to address the problem of the shear time-varying history experienced by the platelets under dynamic blood flow conditions.
Model Identification Protocol
The model identification process involves the determination of an unknown parameter vector P ϭ [a, b, C]
T . The estimation of the unknown parameters of the model for PAS prediction was performed by applying GAs.
GAs are random search algorithms for nonlinear problems based on the rules of natural selection. Their implementation requires the three components of vector P to be encoded through a proper representation method. In the study, floatingpoint representation was chosen. Each individual was composed by three genes, i.e., the three components of vector P. The limits of the parameters to be estimated, defining the borders for the field of existence of the solution, were set as
To overcome the problem of the possible dependence of the identification procedure on the initial values of the parameters, the genetic algorithm was initiated with 150 randomly generated individuals. An appropriate cost function, the so-called fitness function, was built to control the GA search progress in an acceptable direction.
The model of Equation 2 states that platelet activation time course is predicted by a function of the unknown parameter vector P, where
is the estimated value of platelet activation at time t i (i ϭ 1,. . . .
. N).
In the model identification procedure, we used the time courses of PAS vs. 
where N is the number of measured points. The estimation of the unknown parameter vector P was considered the objective of the GA identification process. This was optimized through the minimization of the cost function:
where ⍜ k is the mean square error, as given by Equation 8, between the experimentally measured PAS and the PAS predicted by Equation 3, and k is the number of the loading histories imposed. The four loading histories with T2 period equal to 10 and 30 seconds were used for the model identification while the triangular load history with T2 ϭ 60 seconds was excluded since its activation level was negligible (PAS max ϭ 0.066 Ϯ 0.021). The remaining loading curve (T1 ϭ 2.5 and T2 ϭ 60 seconds) was used as a test case for the model. The performance evaluation was translated in a scalar fitness value ff as follows:
where D is a large positive constant parameter (accomplishing the transformation of the minimization problem into a maximization problem., 27 as requested by GAs). The quality of each solution, the estimated vector P, was evaluated by:
After a fitness criterion is applied to the solution space, the new generation is constructed from the actual population by applying three genetic operators: reproduction, mutation and crossover (details can be found in Goldberg 28 ). The steps of a GA are summarized in Figure 3 . The number of iterations required for convergence to the desired evolution was set at 2000 after a sensitivity study (data not shown). To avoid converging to a local minimum, the cycle was repeated 200 times, thus obtaining 200 solutions. Among the solutions, parameter vector P maximizing the fitness function, Equation 9, was considered the best estimate of vector P.
The numerical implementation of the methodology described above was performed using an in-house developed code written with MATLAB programming language (MathWorks, Natick, MA).
Results
Mean PAS normalized experimental data for triangular shear stress waveforms are shown in Figure 4 . A higher normalized PAS value was observed for T2 ϭ 10 seconds, as compared to T2 ϭ 30 seconds and T2 ϭ 60 seconds. For T2 ϭ 10 seconds, mean PAS at 60 minutes was 0.285 Ϯ 0.189 (SEM), while for T2 ϭ 60 seconds, this was 0.067 Ϯ 0.021 (SEM). A similar observation was made for square shear stress waveforms at the 60-minute mark, as shown in Figure 5 , with mean PAS 0.341 Ϯ 0.133 (SEM) for T2 ϭ 10 seconds, while the mean PAS for T2 ϭ 60 seconds was 0.236 Ϯ 0.058 (SEM). As with the triangular waveforms, five runs were conducted for each T2 condition for the square shear stress waveforms. Increased variability in PAS values for lower T2 (10 and 30 seconds) are observed, potentially because of unsteady flow immediately after deceleration from peak to baseline shear conditions. For all conditions, although not statistically significant (p Ͼ 0.05), the results show that decreased "relaxation" time (T2) between shear stress pulses leads to increased platelet activation rate. Furthermore, mean PAS values for the square waveforms were observed to be higher than those for triangular waveforms at the same T2.
Mean PAS normalized data used in the present study and the corresponding model-derived curve fits are shown in Figure 6 . The GA-based identification procedure converged to a vector P with model parameters given by a ϭ 1.3198; b ϭ 0.6256; C ϭ 10
Ϫ5
The mathematical model fine-tuned by GAs yields PAS values that were in very good agreement with the experimental Figure 3 . Flow diagram of the genetic algorithms (GAs) identification methodology. After a random initialization, the fitness function is evaluated on the population generated. The individuals which best accomplish the fitness criteria are selected and a new population is created by mutation, crossover and selection rules. This process is performed until the maximum number of iterations is reached. results. The comparison between the model predictions and experimental results clearly demonstrates that the PAS value, as predicted by Equation 5, is sensitive to platelet response under time-varying shear stress for both the triangular and the square shear stress waveforms. Moreover, the model was able to capture the distinctive nonlinear PAS trend and its concavity.
The agreement between the PAS measurements and the model descriptions was better for the square waveforms, as evident from the relative root mean square error (RRMS) values. For T2 ϭ 10 seconds the RRMS values were square_ RRMS ϭ 0.446 vs. triang_RRMS ϭ 0.628, and for the case of T2 ϭ 30 seconds the values were square_RRMS ϭ 0.267 vs. triang_RRMS ϭ 0.910. This behavior may be the consequence of the sensitivity of the model to shear stress levels applied for a longer duration (e.g., the duty cycle (T1 ϩ T ad )/(T1 ϩ T ad ϩ T2) of the square shear history is greater than the triangular one). Figure 7 shows the PAS predicted by the identified model (a ϭ 1.3198; b ϭ 0.6256; C ϭ 10 Ϫ5 ) in response to a square shear waveform that was not used in the identification procedure (relaxation period T2 ϭ 60 seconds). The strong correlation between the in vitro experimental results and the model's results reinforces the model predictive capabilities.
Discussion
The present work is focused on the effect of mechanical loading on platelet activation, and the cumulative effect of repeated exposure to this loading. Early literature regarding the effects of bulk shear stress on platelets indicate that shear stress directly activates platelets. 11, 29, 30 Some investigators hypothesized that shear stress did not directly activate platelets, rather RBC and platelet lysis that increases extracellular concentrations of stored platelet agonists, particularly adenosine diphosphate (ADP), subsequently activating the remaining platelets. 31, 32 However, Moake et al. 33 demonstrated, based on previous studies using flow systems, 34 -37 that platelet aggregation in response to pathologically elevated shear stress is not an artifact of cell lysis.
To directly evaluate the effects of bulk fluid shear stress on platelets, it is first necessary to eliminate as thoroughly as possible, all platelet-surface interactions. Platelet-surface interactions can be minimized by coating the shear stressgenerating surfaces with silicone or another nonthrombogenic material. This results in platelet response to shear remaining nearly constant over a large range of surface to volume ratio. 11, 38, 39 The use of blood compatible materials and siliconecoated surfaces in our HSD system guaranteed a reliable in vitro system for measuring platelet response to direct shear. Higher variability in PAS values that was observed for the more dynamic waveforms (i.e., shorter T2 between pulses) may be attributed to the potential appearance of transient vortices during the abrupt deceleration from peak to the baseline shear. Such vortical structures would tend to increase collision rates among quiescent and activated platelets and may temporarily enhance aggregation.
We have compared the results from the present study to previously published data in the similar shear stress ranges under constant shear flow. Platelets in platelet-rich plasma (PRP) sheared at 20 dynes/cm 2 for 60 seconds showed approximately 3% activation, as measured by CD62P expression. 40 This value is higher than the 1.65% to 1.67% activation for the 5-minute samples in our T1 ϭ 0 seconds waveform experiments, which shows that constant shear stress yields higher activation values than variable shear stress, where platelets are exposed to a higher value for only a fraction of the total exposure time. Furthermore, platelets in whole blood exposed to a constant shear rate 420 s Ϫ1 (corresponding to a shear stress of 14.7 dynes/cm 2 , assuming whole blood viscosity of 3.5 cP) did not express a significant increase in GP IIb/IIIa activation (approximately 1%) at 4.5 minutes, whereas Annexin V binding was detected to be 1.5% to 2%. 41 It should also be emphasized that the platelet counts for these prior studies are higher than the 50,000/l utilized in the present study, which may yield lower PAS values. However, because of the short experimental duration of most prior studies (i.e., 1-4.5 minutes), difference in PAS values due to platelet count is not evident. In the past, we have published results in flow in a flow loop under intermittent shear stress. 22 In that study, platelets exposed to shear stresses of 11 and 33 dynes/cm 2 in a 1-m stenotic flow loop showed a 3.8-fold increase in activation rate (0.0024 -0.0090 min Ϫ1 ) in a 30-minute time frame. The stenotic region had an exposure time fraction of 24% to the higher shear stress, with the remaining time entailing an exposure to 1.4 dynes/cm 2 .The linear portion of the slopes for our T1 ϭ 0 seconds experiments yielded values of 0.0013, 0.0016, and 0.0051 min Ϫ1 for T2 values of 60, 30, and 10 seconds, respectively. These correspond to exposure time fractions to high shear stress (20 dynes/cm 2 ) of 1.6%, 3.2%, and 9.9%, respectively. The results from the previous studies reinforce the validity of the current study using the PAS assay utilizing variable shear stresses in our HSD system.
Recently, some intricacies involving the relationship between coefficients of power-law based mathematical models for red blood cell damage and experimental data were identified. 42 It was indicated that the functional relationship could be fine-tuned by readjusting the coefficients in the formula according to in vitro data. It was concluded that the coefficients in the trauma prediction equations were not universal, rather depending on the flow conditions and may be valid only for predominantly laminar flows. 43 Considering that under a given shear stress load history there will be a given rate of consumption of resting platelets, and that once fully activated those platelets cannot be activated anymore, the shear stress will progressively apply only to a residual population of the remaining quiescent platelets. Accordingly, as observed with sheared red blood cells, 44 the progression of platelet activation state is expected to exhibit a similar asymptotic behavior. In the present study, we have demonstrated that the model predictions are consistent with the experimental results at activation levels lower than 0.35. However, for cases in which high consumption rates are expected, we are confident that the power-law model of Equation 4 will be able to capture the asymptotic behavior in the intermediate to large damage accumulation range while approaching full platelet activation (as the one expected at shear stress values characterizing prosthetic mechanical heart valves). 45 A global identification approach was selected over a local routine [e.g., Nonlinear Least Square (NLS) method], because the latter is notorious for getting trapped in local minima when applied to nonlinear problems that characterize biomechanics, or prove unsuitable due to the required model parameters initialization. GA, the global identification approach used in this study, overcomes the need of setting the initial values for the model parameters by searching the parameter space in a controlled random fashion thus allowing exploration of a wider solution space (Equation 5).
Although the work presented in our study demonstrates a model accounting for blood trauma for predicting device thrombogenicity, it requires further experiments where blood samples are exposed to dynamic flow field conditions under controlled, time-varying shear. Exposure to the different dynamic flow conditions allows the identification of coefficients that can be empirically calibrated with respect to the characteristic flow conditions in the device. The inherent difficulties in designing experimental studies in this field were pointed out by other researchers. 43 The shear stress levels tested here represent only the lower end of those found in devices, but the results of the current study are still relevant to devices. The main utility of this work was to test the predictions of an innovative damage model based on genetic algorithms that is aimed at predicting cumulative damage and platelet activation during repeated passages in devices. One should keep in mind that the bulk platelets flowing in devices do not patently flow through the higher stress regions. Yet, with repeated passages, the platelets sustain damage accumulation that significantly contributes to the thrombogenic potential of the device in the longer run. 46 Following the successful implementation of the GA-based model in our HSD with artificial loading waveforms, we plan to apply this model and fine-tune its parameters to correlate its predictions with our ongoing platelet activity measurements in devices (various PHV mounted in a LVAD recirculation loop). We plan to do it in a complementary fashion, by directly measuring platelet activity in the devices themselves, and by extracting typical shear stress waveforms from numerical simulations of flow in the de-vices and applying them as a bulk load waveform to a platelet population in the HSD apparatus.
Although applied to only a few synthetic load histories, we feel confident that the model will be able to predict the thrombogenic potential of implantable devices, such as prosthetic heart valves and blood pumps, by obtaining typical shear histories from computational fluid dynamics modeling. Our future studies in the HSD will use those as the input loading waveforms to bring the shear stress levels and exposure time combinations closer to those found in devices.
